Abstract. The paper captures the effect of structure and the applicability of compaction models using the cold compaction of a TiH 2 -SS316L composite powder prepared by high energy mechanical milling. The composite blend was cold pressed uniaxially to pressures of up to 1250MPa. The compressibility of the composite blend was evaluated by fitting the experimental data to the most commonly used compaction models of Heckel, the Kawakita-Lüdde, the CooperEaton, the Ge, and the Panelli-Filho compaction equations. Among the models, the Kawakita-Lüdde and Cooper-Eaton models fitted the experimental data very well with a good correlation (the correlation coefficient greater than 0.99) throughout the entire pressure range under investigation. The nature and mechanisms responsible for the densification during cold compaction are discussed. The Heckel, Ge, Panelli-Filho, and Cooper-Eaton model analysis showed that the dominant compaction mechanisms for composite blend were rearrangement of particles followed by elastic and plastic deformation. The results are discussed by way of a comprehensive model intercomparison study of the cold compaction behaviour using existing models.
Introduction
The cold compaction powder metallurgy (PM) process is by far technically the simplest PM process available. Successful powder cold compaction is determined by the densification mechanisms and the behaviour of the powder during compaction. A number of empirical equations have been proposed to characterize densification behaviour and expose underlying densification mechanisms. The most common models were developed by Heckel (1961) [1] , Kawakita and Lüdde (1971) [2] , Cooper and Eaton (1962) [3] , Huang (1982) [4] , Ge (1994) [5] , and Panelli and Ambrossinni-Filho (1998) [6] .
In recent years, the densification behaviour and mechanisms of micro-and nano-structured powder materials prepared by mechanical milling has been a subject of interest for many PM researchers [7] [8] [9] . Interest has centred on the effect of the nano-structure on densification and on the universal applicability of the densification models. The role of the nanostructure on densification has been two fold. In the first instance, densification mechanisms change when moving from the micrometric to the nano-scale, where particle re-arrangement has been shown to dominate at lower compaction pressures using nanoscale particles while plastic deformation dominates at higher compaction pressures using micrometric particles [8] . The flip side of this effect is that the propensity for plastic deformation decreases at the nano-scale due to an increase in the yield stress of the nanostructured powders [10] .
A literature survey on the applicability of the densification models indicates that different researchers have used different models to fit their experimental data, with varying degrees of success. There are those who have fitted experimental data to a single model to capture the densification of their powders: For example, Gan and Gu [7] used the Panelli and Ambrosio Filho equation while Alizadeh et al. [11] used a modified Heckel equation. Other researchers have compared models: For example, Hafizpour et al. [12] compared the Heckel, Panelli-Filho, CooperEaton, and Ge models and found that the highest regression coefficient was achieved by the PaneliFilho equation, while Sivasankaran et al. [13] compared, among others, the Heckel, Ge, Panelli and Ambrosio Filho, and Kawakita, Shapiro equations and determined that experimental data was bestfitted by the Panelli-Filho model. Moreno and Oliver (2011) [14] working on Al-based powders reinforced with short Saffil fibres showed that the Kawakita and Konopicky equations best fitted the densification behaviour while the Panelli-Filho equation was applicable only over a limited compaction pressure range.
The role of the nano-structure on the densification at high compaction pressures does not appear to be well understood or reproducible. Some authors [8, 10] appear to observe a rapid densification event on their experimental compressibility curves at high pressures: Jeyasimman et al. [8] observed rapid densification at compaction pressures >1000MPa, while Asgharzadeh et al. [10] observed a similar phenomenon at compaction pressures >500MPa. Also our literature study indicated that no single equation can impeccably characterize compressibility phenomena. This study was therefore aimed at determining whether the high pressure rapid densification event can be reproduced in other powders and also to assess compressibility behaviour and mechanisms using the most commonly used compaction equations. TiH 2 -SS316L nanocomposite powder was used for this study. Stainless steel -titanium composites are attracting interest for use as connectors in deep sea oil drilling.
Experimental details
The characteristics of the materials used in this study are given in Table 1 and are fully provided elsewhere [9] . A nominally 50:50wt.% mixture was weighed and mechanically milled to produce Milling was done in a Simoloyer CM01 high energy mill for 8hrs in an argon atmosphere using a ball-to-powder mass ratio of 20:1, a rotation speed of 800rpm and 5mm diameter milling media of 3Cr12 stainless steel balls. No process control agent was employed. The morphology of the particles of the milled powder was acquired using scanning electron microscopy (SEM) and its phase composition was acquired using X-ray diffraction (XRD). The average crystallite size of samples was calculated from X-ray peak broadening using the Scherrer equation. The milled composite powder was subsequently uniaxially cold pressed (3 samples of 4g each) in a reinforced cylindrical die of nominal diameter 13.85mm at different pressures of up to 1250MPa using zinc stearate as a die wall lubricant. The bulk densities of the TiH 2 powder, SS316L powder, and the milled nanocomposite powder were determined using a graduated cylinder according to the standard test method ASTM D7481-09. The compressibility behaviour and densification mechanisms were studied using all the most widely used compaction equations (Table 2) . Table 2 . Models used to fit the density-compaction pressure data measured experimentally.
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Compaction model Final mathematical formulation References
Kawakita-Lüdde
1 Modified Heckel
6 Shapiro-Kopopicky
16
Cooper-Eaton
5 Huang
4
In all the equations, is the compaction pressure and is the measured relative density. The constants and are model specific parameters usually determined by non-linear squares fitting the compaction data to the respective equations. In Eqs. 1 − 5 and Eq. 7, represents some initialstate pore fraction and is a densification index that is related to the plastic deformation capacity of the powder during the compaction process [15] .
in Eq. (3), the Modified Heckel equation, is a function of the Poisson's ratio and is the yield strength of the pore-free material [15] . in Eq. 5, the Shapiro-Kopopicky equation, is the pore volume reduction ratio during the cold compaction and is not related to in Eq. 6, the Cooper-Eaton equation. The coefficients and the in Eq. 7, the Ge equation, represent, respectively, the fractional dominance of a densification mechanism, and the exponent that corresponds to the pressure at the onset of each respective densification mechanism [17] . In Eq. 8, is the apparent bulk density, the theoretical composite density, a nonlinear hardening constant that represents compressibility and the coefficient = − log( ), where is the compaction modulus which characterizes the material's deformability [18] .
Results and discussions
Structural and phase analysis. Fig. 1(a) shows the XRD pattern of the powders after milling for 8hrs and the morphology of the particles ( Fig. 1(b) ). The peaks of the phases are broadened due to strain from the milling process [11] . The peaks of the TiH 2 phase are more broadened than those of the SS316L. Using the Scherrer equation, the mean grain sizes of the TiH 2 and SS316L phases in the powder blend were determined to be 10.5nm and 18.6nm, respectively. Fig. 2 shows the compressibility curve of the milled powder. At lower compaction pressures, the powder, due to high porosity and lower inter particle friction, is easier to press -Regime (I). However, at higher compaction pressures (P>300MPa) -Regimes (II) and (III), the powder undergoes bulk deformation, and unlike in Regime (I), the material properties and not the powder characteristics determine the high pressure compaction. Regime (III) shows a hint of work hardening at higher compaction pressures. Compaction models and data analysis. Our literature study demonstrated that no single compaction equation can completely characterize the compressibility phenomena. As such, to assess the compressibility behaviour and mechanisms in the current study, the six compaction equations in Table 2 were fitted to data measured experimentally. Fig. 2(b) shows the KawakitaLudde plot according to Eq. 1, which has a high linear correlation (R 2 =99.97%). The linear relationship between P/C and P extends throughout the entire pressure range under investigation and shows that the densification behaviour of the milled powder blend during compaction is defined well by the Kawakita equation. The and parameters in Eq. 1 were found to be 0.6284 and 0.02527, respectively. In physical terms, is directly related to the initial porosity and the value of B in 1/B is related to the mean yield strength of the composite [19] . Therefore, the initial porosity of the cold pressed composites is 62.8% which is very close to 62.6%, determined from the bulk volume measured experimentally and the yield pressure calculated is 39.6 MPa which is comparable, by order of magnitude, to those similarly deduced in literature [20] . The high value of , and low value of imply particle rearrangement significantly influenced the overall compression process of the powders [19] . 
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analysed, a finding that negates its widespread use explaining the compaction behaviour of powders. Table 4 summarizes the yield stress ( ) and initial pore fraction ( ) values calculated using the compaction equations. The D 0 determined for the Shapiro-Kopopicky model was closest to the experimentally determined value of 62.6%, while the other models underestimated it by about 16% on average. The yield stresses in Table 4 are much higher than those of SS316L (which is about 210MPa), a result that was in agreement with literature on mechanically milled powders [7] . This indicates that the mechanically milled (MM) TiH 2 -SS316L powder would have poor plastic deformation capacity. The high yield stress was due to work-hardening [12] during mechanical milling and probable strengthening by the TiH 2 particles. The parameter B 3 in Eq. (3) is a function of the Poisson's ratio [15] , i.e. = . The experimentally deduced value of Poisson's ratio is 0.3856, which is in the range of metallic materials (i.e. about 0.33) [11] . Fig. 4 shows the Cooper-Eaton compaction plot (Eq. 6, Table 2 ) and a modified version that appears to show that three densification mechanisms take place in three separate pressure ranges. This observation is consistent with the plots in Figs 2(a) and 3 . The plot also shows a pronounced upward curvature in the latter portion of the curves never before reported for Cooper-Eaton plots.
The Ge and Huang model plots (Eq. 7 and Eq. 8 respectively in Table 2 ) are shown in Fig. 5 on the same axis. They both linearized the green density-pressure relationship, just like the KawakitaLudde model, and demonstrated good applicability with coefficients of regression R 2 of 99.87% and 99.68% for the Ge and Huang models, respectively. The two models all exhibited a pronounced upward curvature, similar to the Cooper -Eaton plot (Fig. 4) , that indicated rapid densification. This behaviour is uncharacteristic for conventional coarse-grained polycrystalline materials, but it has been observed and discussed for nanocomposite powders [21] . The parameters m, the hardening coefficient, and , the compaction modulus, in the Huang model (Eq. 8) were found to be 4.36±0.29 and 877.00±62.72, respectively. These are relatively large values and imply more difficulty to compact a powder [22] , a finding that is consistent with earlier analyses of high yield pressure (Table 4) . 
Summary and conclusions
The present study examined the room-temperature densification behaviour of TiH 2 -316L nanocomposite powder prepared by high-energy mechanical milling. The following conclusions have been obtained from this study: a) Among the models investigated, the worst linear correlation was obtained for the classical Heckel model. The model overestimates densification in the compression pressure range where P<300 MPa. On the other hand, the Ge, Huang and classical Cooper-Eaton models underestimated densification in the compression pressure range where P>1000MPa;
b) The Kawakita-Lüdde and the Shapiro-Kopopicky compaction models provide a fairly good agreement between the parameter (or the model determined initial porosity values, in particular) and the experimentally determined bulk density;
c) The MA TiH 2 -SS316L powder used in this study has a high B-value (deduced according to the classical Heckel, Panelli-Filho, and the Shapiro-Kopopicky models) and a low K-value (deduced according to the modified Heckel model), which all indicate its poor plastic deformation capacity. The yield stress (deduced according to the Kawakita model B-value) in this case is clearly too low; d) A Poisson's ratio value of 0.39 is deduced using the modified Heckel model relation, which is within the range of metallic materials (i.e. about 0.33).
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e) There appears to be a yet to be explained high pressure rapid densification event during the compaction of nano-structured powders.
